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Abstract 
Stormwater retention ponds are typically constructed to manage stormwater in 
commercial and residential areas, thereby reducing flooding and erosion and improving 
downstream water quality.  Although auxiliary ecosystem services of stormwater ponds 
are less often recognized, these small aquatic ecosystems may also serve as habitat for 
aquatic flora and fauna and can be hotspots for biogeochemical cycling.  This study 
examined the biological communities and physicochemical environment of 9 stormwater 
ponds in Rochester, New York, USA to assess their role in supporting biodiversity and 
facilitating carbon and nutrient cycling in developed landscapes.  A field study revealed 
that pond age and vegetation cover were important facilitators of benthic 
macroinvertebrate diversity. The most dominant and abundant taxa were tolerant of low 
oxygen and high salinity environments including Oligochaeta, Chironomidae and 
pulmonate snails.  These benthic organisms are also important bioturbating infauna that 
may influence biogeochemistry at the sediment-water interface. In a laboratory 
microcosm experiment, Chironomus sp. and Lumbriculus variegatus, were both found to 
increase oxygen consumption and inorganic nitrogen fluxes in stormwater sediments 
through excretion, respiration and bioturbation.  Benthic macroinvertebrates in 
stormwater ponds enhance decomposition of organic material and nutrient recycling, 
ultimately influencing water quality in stormwater ponds. Thus, stormwater ponds 
typically recognized as structures for flood control provide important secondary benefits 
and act as hotspots for diversity and nutrient cycling in developed landscapes. 
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CHAPTER 1:  Stormwater ponds as hotspots of aquatic biodiversity and 
biogeochemistry in the urban landscape 
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In an increasingly developed landscape, effective management of freshwater 
resources is imperative.  Degradation of aquatic ecosystems has numerous consequences 
including the loss of regulating, provisioning, supporting and cultural 
services.  Stormwater ponds in urban and suburban areas are hydrologically important 
features that can also serve as aquatic ecosystems.  The primary purpose of stormwater 
ponds is for flood control and water quality improvement. However, stormwater ponds 
also provide ecosystem services and  habitat for flora and fauna (Le Viol, Mocq, et al., 
2009a; Lundy & Wade, 2011). While the functional role of stormwater ponds is well 
documented, the ecological role of these small aquatic ecosystems is more recently being 
explored (e.g. Barnes, 1983; Le Viol, Mocq, et al., 2009a; Ruhí et al., 2009; Meter et al., 
2011; Tixier et al., 2011; Leticia Miguel-Chinchilla, 2014). 
The few studies that have assessed the ecological role of stormwater ponds 
suggest that they provide habitat and support biodiversity in otherwise devoid developed 
landscapes (Williams et al., 2000; Blasius & Merritt, 2002; De Meester et al., 2005). 
Although studies show they can support diversity, their intended role in holding 
stormwater makes them susceptible to the accumulation of a variety of pollutants leading 
to increased turbidity, conductivity, and eutrophic conditions.  Since the development of 
fertilizers and enhanced availability of reactive nutrients, excess nutrient input into 
aquatic ecosystems has been a challenging environmental issue (Vitousek et al., 1997; 
Schlesinger & Bernhardt, 2013). Eutrophication leads to an overgrowth of algae and 
aquatic plants whose excess growth and decay causes oxygen depletion and dead zones 
(Smith et al., 1999). The role of stormwater wetlands and ponds in providing services 
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such as decomposition and mineralization may have important implications for water 
quality and nutrient concentrations downstream. 
Numerous studies suggest a variety of benthic invertebrates affect nutrient cycling 
in aquatic sediments. However, few studies have examined the implications of these 
processes on the fate of nutrients in created ponds (Svensson, 1997; Kristensen, 2000; 
Mermillod-Blondin et al., 2005; Nogaro et al., 2007).  Processes occurring at the 
sediment water interface affect permeability, water content, chemical gradients in pore 
water, organic matter depth, mineralization and inorganic nutrient flux (Lohrer et al., 
2004). Benthic invertebrates inhabiting this environment can have an important impact on 
processes such as the decomposition and mineralization through direct and indirect 
processes (Kristensen et al., 2012). Stormwater ponds are a typical practice in 
development and have been increasing in density; however, their ability to support 
biodiversity and provide ecosystem services may be an underutilized resource. 
The goal of this thesis is to examine how stormwater ponds support diversity of 
benthic invertebrates and provide services such as decomposition of organic material and 
nutrient cycling.  In Chapter 2, we will examine the physicochemical environment and 
biotic community structure of 9 stormwater ponds and relate water quality and 
management practices to macroinvertebrate diversity. In Chapter 3, we will analyze the 
effect of two burrowing benthic invertebrates on biogeochemical cycling in stormwater 
pond sediments. With this study we hope to explore how stormwater ponds function as 
ecosystems that support aquatic flora and fauna and provide necessary services such as 
biogeochemical cycling.  With a better understanding of benthic communities and 
processes supported by stormwater ponds, we can begin to understand how to manage 
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these unique systems to provide a breadth of services extending beyond their functional 
role in stormwater management. 
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2.1 Introduction 
Over the past three decades, development in urban and suburban areas with the 
associated increase in impervious surfaces has led to an increased need for advanced 
stormwater management.  Phase II of the Clean Water Act called for the development of 
stormwater ponds to better protect drinking water supplies and local waterways from 
pollutants and runoff (US Clean Water Act, 2002).  Creation of shallow ponds to retain 
stormwater is a typical practice in new development. These ponds are hydrologically 
important features in the urban landscape that provide flood control, reduce erosion and 
improve downstream water quality by allowing for sedimentation and removal of 
pollutants such as heavy metals and nutrients (US EPA, 1999).  As a result, the density of 
stormwater ponds is increasing in rapidly urbanizing, impermeable landscapes in order to 
accommodate increasing runoff volumes (Meter et al., 2011). 
Although their primary purpose is for flood control and improvement of water 
quality, stormwater ponds also function as small aquatic ecosystems that may provide 
habitat for aquatic organisms and supply additional ecosystem services (De Meester et 
al., 2005; Gledhill et al., 2008; Lundy & Wade, 2011; Meter et al., 2011). The functional 
role of created ponds is well understood, but this ecological role demands further 
exploration (Kremen, 2005; Le Viol et al., 2009). Many recent studies have investigated 
the role of biodiversity in providing supporting, provisioning and regulating ecosystem 
services; however, most work analyzes these relationships in pristine environments 
(Alberti & Marzluff, 2004; Tixier et al., 2011).  Analyzing these relationships in an urban 
context where there is overlap between the developed communities in which we live and 
the natural resources that sustain them provides valuable insight into the function of 
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urban socio-ecological systems (Kremen, 2005).  By recognizing urban stormwater ponds 
as fully-functional ecosystems we gain key insights into the complex interactions 
between urban development, management practices, and the flora, fauna and material 
processes they mediate (Kremen, 2005; Le Viol et al., 2009).  
Previous research demonstrates that stormwater ponds and comparable created 
ponds serve as valuable habitats that contribute to alpha and beta diversity in a 
predominantly terrestrial landscape (Williams et al., 2004; De Meester et al., 2005; Le 
Viol et al., 2009; Ruhí et al., 2009; Miguel-Chinchilla et al., 2014). Pond complexes or 
pondscapes in urban areas may support higher biodiversity and more rare species than 
isolated ponds and contribute to connectivity across landscapes (Merriam, 1991; 
Williams et al., 2004; De Meester et al., 2005). Urban ponds, including stormwater 
ponds, may thus play an important role in supporting biodiversity in urban environments. 
While stormwater ponds have potential to serve as important habitat for a variety 
of organisms, their intended role and location in highly developed areas creates 
vulnerability to accumulation of a variety of pollutants. Urban ponds often have increased 
amounts of silt, organic wastes, nutrients and dissolved organic carbon as well as 
increased conductivity from road salt runoff when compared to rural ponds (Booth & 
Jackson, 1997; Blasius & Merritt, 2002).  Thus, stormwater pond ecosystems are subject 
to challenging environmental conditions that may affect their ability to provide habitat 
and facilitate ecosystem services. Freshwater macroinvertebrates are often used as an 
indicator of the health of aquatic ecosystems; therefore monitoring macroinvertebrates in 
relation to the physico-chemical environment fosters a better understanding of the quality 
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of habitat stormwater ponds provide and is the focus of the present study (Menetrey et al., 
2008). 
In this study, we place particular emphasis on benthic invertebrate communities as 
important in facilitators of ecosystem processes occurring at the sediment water 
interface.  Benthic organisms drive these biogeochemical processes through direct and 
indirect effects including feeding, excretion, respiration and bioturbation and play  an 
essential role in controlling nutrient cycling, redox potential and the mobility of inorganic 
solutes as they mix and aerate sediment, process organic matter and excrete waste in the 
form of inorganic nitrogen (Gallepp, 1979; Kristensen, 2000; Mermillod-Blondin et al., 
2005; Nogaro et al., 2007; Kristensen et al., 2012). Oligochaeta and Chironomidae are 
benthic organisms that play a crucial role in affecting biogeochemical cycling through 
bioturbation and are also among the most tolerant of harsh conditions.  Therefore, the 
presence and abundance of these genera could have implications for sediment 
biogeochemistry in stormwater ponds. 
Detention ponds are maintained to optimize stormwater management by dredging 
to remove excess sediment, aerating to prevent overgrowth of algae and mowing for 
aesthetic purposes. These practices affect the physical, chemical and biological attributes 
of the pond and have the potential to affect primary and secondary services.  With a 
better understanding of the impact of management strategies on ecosystem function, we 
may be able to manage stormwater ponds more effectively to provide multiple services 
(Kremen, 2005; Le Viol et al., 2009).  We sampled 9 stormwater ponds in the vicinity of 
Rochester, NY to examine the influence of pond structure and management practices on 
the physicochemical environment and benthic community.  Multivariate analysis of the 
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physicochemical environment and macroinvertebrate communities using principal 
component analysis (PCA) and non-metric multidimensional scaling (NMDS), 
respectively, were used to provide a more comprehensive understanding of how these 
ponds function as ecosystems and provide valuable ecosystem services in developed 
areas.   
2.2 Methods 
Site descriptions 
Stormwater ponds were located in urban and suburban areas near the city of 
Rochester, Monroe County, New York, USA (Figure 2.1)  All ponds were within close 
proximity to parking lots and roadways, but varied in age (1-40 yr), size (0.1 - 5.6 ha), 
vegetation cover (0 - 30%) and benthic habitat characterized by grain size and sediment 
type (Table 2.1; Table 2.2). Some of the sites were on private property and all varied in 
the intensity of management.   Management was defined as mowing and removal of 
emergent vegetation and aeration with fountains. This study focused on mowing and 
emergent vegetation as a proxy for the degree of management.  The vegetation cover was 
previously estimated using a point intercept method in 2012 and we assumed that the 
cover was consistent from year to year (Burkett 2013). The two Father’s House ponds 
(FH1, FH2) were located on the property of a church.  Both ponds were surrounded by a 
large lawn and adjacent to parking lots and a road.  The ponds were lightly managed and 
had relatively high amounts of emergent vegetation (Burkett, 2013)(Table 2.1). 
Wellington Woods, located on a cul-de-sac, was highly eutrophic and in summer dense 
macroalgal mats formed on the surface, in spite of three aeration fountains.   
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The J-lot pond (J) was located on the Rochester Institute of Technology’s campus 
adjacent to a series of large parking lots.  The surrounding landscape was routinely 
maintained by mowing up to the edge, leaving only 1.3% cover by emergent 
vegetation.  Erie Station Village (E) pond was located in a development complex 
surrounded by local businesses and town homes and had very little emergent vegetation 
(Table 2.1). MCC (M) was a large pond with < 1% vegetation cover located at Monroe 
County Community College between an ice rink and a major highway.  Since the bottom 
of the pond was rocky, sediment and invertebrate samples were taken near the inlet which 
had finer sediment and more emergent vegetation. The pond was often polluted with litter 
and debris. 
The youngest and smallest site was Daystar (D) which was located next to a new 
daycare center.  At the time of sampling, the pond was 1 yr post-construction, yet was 
covered by 30% emergent vegetation.  It was adjacent to a road with a wooded area on 
the other.  The most highly managed pond was Lac De Ville, located in a suburban area 
surrounded by roads, parking lots and office buildings on all sides.  This small pond was 
entirely surrounded by terrestrial vegetation planted in mulch and was aerated with a 
fountain.  The pond at St. John’s Meadows was on the property of an assisted living 
facility and is surrounded by emergent vegetation which was intermittently mowed so 
residents could view the pond.  
Invertebrate sampling 
Benthic invertebrates were sampled at each site three times in 2014:  spring (April 
21 to June 5), summer (July 14 to July 21) and fall (August 29 to September 
17).  Polycarbonate cylindrical cores (30 cm height x 9.5 cm diameter) were used to 
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collect sediment containing benthic invertebrates up to a depth of 12 cm. Samples were 
sieved through a 600 micron mesh sieve and preserved in ethanol with Rose Bengal 
(Connors, 2006). Invertebrates were picked from the debris, counted and identified to the 
lowest practical taxonomic level with a dissection microscope. This included 
Chironomidae and Odonata to genus, Gastropoda and Mollusca to family and 
Oligochaeta to order level. Mollusca and Gastropoda were evaluated based on the luster 
of their shells; dull shells indicated spent organisms and were not used in the analysis 
(Peckarsky, 1990; Epler, 2001). 
Physico-chemical variables 
Sediment and water properties were measured in triplicate in accessible open 
areas of each pond during each sampling period.  Areas with rip rap or large gravel were 
avoided. A Hach HQ40d meter with LDO101 and CDC401 probes were used to measure 
temperature, conductivity and dissolved oxygen during each sampling period (Table 
2.3).   
The top 5 cm of sediment was collected with polycarbonate core tube (20.5 cm L 
x 4.5 cm ID) and refrigerated before grain size and organic matter content analysis. Grain 
size was measured in spring only whereas organic matter samples were taken in triplicate 
during each sampling season. Grain size was measured using the hydrometer method and 
organic content was measured using the loss on ignition method (Bouyoucos 1972, Heiri 
et al., 2001). A separate 60 cc syringe corer was used to collect a 5 cm deep sediment 
sample for extractable ammonium during the summer only. Sediments were stored in 
Whirlpak bags and frozen at -20 ° C until analysis using KCl extraction and ammonium 
quantification using the phenol hypochlorite method (Solórzano, 1969). 
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 Chlorophyll a samples were taken during the summer and fall sampling seasons 
in triplicate using a 5 ml syringe corer up to a depth of 1 cm and placed in 15 ml 
centrifuge tubes.  Samples were immediately wrapped in foil to prevent light penetration 
and stored on ice prior to storage at -80 ° C until analysis within 30 d.  A 90% acetone 
solution was used to extract chlorophyll and samples were sonicated to break up algal 
cells (Strickland, J. D. H. & Parsons, T. R., 1972). Samples were placed in the freezer 
overnight prior to shaking to resuspend sediments followed by analysis on a Shimadzu 
1800 spectrophotometer.  Absorbance at 665 nm and 750 nm was measured before and 
after acidification with hydrochloric acid and chlorophyll a content calculated using the 
equations of Lorenzen (1967). 
Data analysis 
Macroinvertebrate diversity indices were calculated using the vegan package for 
R (Oksanen et al., 2015). The Shannon Weiner diversity index was calculated on the 
family level.  Oligochaeta were not included due to poor preservation in some samples. A 
nonmetric multidimensional scaling (NMDS) analysis was done using the vegan package 
for R to compare communities among ponds (Oksanen et al., 2015). 
A Principal Components Analysis (PCA) and correlation plot were generated 
using the FactoMineR package for R (Husson et al., 2015) using the following variables: 
age, size, vegetation cover, percent silt and clay, chlorophyll a, extractable ammonium, 
temperature, conductivity, dissolved oxygen, and select macroinvertebrate variables (total 
organism abundance, family diversity, Odonata abundance, and Shannon Weiner 
diversity of Chironomidae and Mollusca calculated to genus and family levels 
respectively).  To overcome missing values in the data matrix, summer extractable 
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ammonium values were used in all seasons, and the mean of summer and fall chlorophyll 
a was used for the spring values.  Principal components chosen for further exploration 
had eigenvalues > 1.0.   
2.3 RESULTS: 
Physico-chemical environment of ponds 
The benthic environment varied from very rocky at MCC to predominantly silt 
and clay at the Father’s House sites (Table 2.1). Organic matter ranged from a low of 
1.2±0.3% (Erie Station, summer) to a high of 4.2±1.6% (St. John’s, fall).  Chlorophyll a 
measurements were highly variable within sites indicating high heterogeneity of the 
benthic landscape.  The lowest measured average chlorophyll a was at Wellington (fall) 
with 10.9±11.1 mg m-2 and the highest at J-lot with 79.8±11.4 mg m-2  in fall. Extractable 
ammonium was also highly spatially heterogeneous within and between sites.  The 
highest average value was 27.1±10.3 mg g-1 at Father’s House 1 and lowest average was 
2.0±0.5 mg g-1 at Lac De Ville (Table 2.2). 
 Dissolved oxygen ranged from 5.2±1.1% (D) to 14.7±1.9% (E) during spring, 
5.1±2.2 (J) to 18.8±2.0 (D) during summer and 8.4±0.2 (E) to 14.1±1.1 (D) during fall. 
Dissolved oxygen measurements was observed as low as ~3 mgL-1 at times however, 
these measurements were averaged out as measurements were taken in triplicate. 
However, this indicates that there may be areas of the pond with very low oxygen. 
Conductivity was also highly variable with a minimum at Wellington on September 17 
(0.6 mS cm-1) and maximum at Lac De Ville on May 31 (10.5 mS cm-1).  The overall 
average temperatures for spring, summer and fall were 18.5 °C, 26.1 °C and 23.6 °C 
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respectively with a minimum of 13.9 °C in May at J-lot and a maximum of 31.4 °C in 
July at Erie Station (Table 2.3). 
Macroinvertebrates 
The most abundant macroinvertebrates were Gastropoda, Mollusca and 
Chironomidae while the rarest were Odonata and Diptera. Numerous Oligochaetes were 
found in some samples, but because these specimens were not well-preserved they were 
excluded from abundance and diversity calculations. Chironomidae were mostly from the 
tribe Chironomini with specimens from the genera Chironomus, Glyptotendipes and 
Dicrotendipes, Paratanytarsus, Orthocladiinae and Tanypodinae also present. The 
dominant families of molluscs were Physidae, Lymnaeidae, Pisidium and 
Sphaeriidae.  Families such as Viviparidae and Planorbidae were also found, but many of 
these shells were spent and not included in biodiversity analyses.  This is especially true 
of Wellington Woods where approximately 95% of shells were spent. 
Invasive Dreissena bugensis and Dreissena polymorpha, both alive and spent, 
were found in abundance at one site, MCC, where they often comprised 90% of the 
sample. Odonata, represented by Sympetrum sp., Gomphidae sp., Libellulidae sp., and 
Coenagrionidae sp., were collected from one site, Daystar except for a single 
Coenagriondae sp. from Wellington Woods. The rarest specimen was a single Chrysops 
sp. larvae found at pond 1 at the Father’s House. 
The nonmetric multidimensional scaling analysis showed macroinvertebrates 
could be categorized in groups by percent vegetation. Sites with over 3% emergent 
vegetation were categorized as high and below 3% were categorized as having low 
emergent vegetation.  Sites with the most similar communities were Erie Station, St 
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Johns and J-lot which were dominated by Chironomidae and Physidae.  Communities 
that fell outside of this range had uniques communities characterized by the presence of 
anomalous taxa. This includes the presence of Dreissena sp. at MCC, Odonata at Daystar 
and Tabanidae at the Father’s House 1 (Figure 2.4) 
Principal Components Analysis 
The PCA yielded 4 components with Eigenvalues greater than 1.0 that 
collectively explained >60% of the variance (Table 2.5). The first 2 components explain 
21% and 19% of the data, respectively.  Variables that loaded positively on PC1 included 
age, size, % silt, total macroinvertebrate abundance, family diversity and Mollusca 
diversity.  Negatively loading on PC1 were % clay, emergent vegetation and chlorophyll 
a. Variables that loaded highly on PC2 were vegetation, Odonata abundance, 
Chironomidae richness and family diversity in the positive direction and size in the 
negative direction (Table 2.5, Figure 2.3). PC3 was characterized by positive loading 
from conductivity and organic matter, and negative loading from temperature, 
chlorophyll a.  The correlation plot showed strong positive correlations between age and 
size, age and silt, age and Mollusca diversity and vegetation and Odonata abundance. 
Variables that correlated negatively included vegetation and age as well as chlorophyll a 
and age (Figure 2.5).  
2.4 Discussion 
The stormwater ponds in this study differed widely in their physical and chemical 
characteristics as well as their benthic communities.  We found predictable relationships 
with pond age and vegetation that dictate the composition of the benthic community, and 
demonstrate a key role of primary producers in dictating species composition.  In this 
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study, older, larger ponds tended to have less emergent vegetation and less Chlorophyll a, 
perhaps due to the depth of the pond and light penetration influencing photosynthesis 
(Figure 2.3). These ponds also had silty sediments that promote an abundant benthic 
community dominated by Molluscs.   
In general, biomass and taxonomic richness increase during the succession of 
natural ponds and wetlands (Odum, 1969). In a man-made lake, colonization within the 
first year was characterized by the colonization of the benthic and littoral regions by 
species with high dispersal and reproduction capacity including Diptera, Ephemeroptera, 
Hemiptera and Odonata. This was followed by a second phase that occurred as 
submergent and emergent vegetation began to increase (Solimini et al., 2003).  These 
same patterns may be observed in stormwater ponds. While ponds may be quickly 
colonized after construction by organisms with high terrestrial dispersal rates, other 
organisms such as bivalves and gastropods may take longer to colonize and establish 
communities.  In younger ponds such as Daystar, gastropods and bivalves were 
absent.  In contrast, older ponds such as Wellington and MCC were dominated by taxa 
such as Pleuroceridae, Sparidae and Lymnaeidae (Figure 2.4). Thus older ponds with 
suitably diverse habitats will display a greater variety of organisms, as we observed in the 
oldest ponds in our study that had greater diversity and especially higher diversity of slow 
dispersing snails, clams and mussels. Age also correlated with percent silt, as a pond ages 
more silt accumulates do to sedimentation.  Increased amounts of silt may facilitate the 
development of a more diverse benthic habitat.  While pond age may influence diversity 
there are likely other contributing factors such as vegetation cover and water quality that 
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affect overall biodiversity in created ponds (Barnes, 1983; Fairchild et al., 2000; Proctor 
& Grigg, 2006; Ruhí et al., 2009; Miguel-Chinchilla et al., 2014). 
Primary Production 
In general, the stormwater ponds in this study had relatively low cover of 
emergent vegetation (range 0 - 30%) that consisted mostly of Typha sp. and Phragmites 
australis(De Szalay & Resh, 2000; Miguel-Chinchilla et al., 2014) (Burkett 2013). The 
PCA results suggest that emergent vegetation is an important factor influencing 
macroinvertebrate biodiversity in stormwater ponds as it loaded highly on PC2 with 
family diversity, Chironomidae richness, and Odonata abundance (Table 2.5). Emergent 
vegetation controls habitat and food availability and provides protection from predators, 
supporting higher diversity of many species, including Chironomidae and Diptera (De 
Szalay & Resh, 2000; Miguel-Chinchilla et al., 2014).  The rarest order across all sites 
was Odonata which was only found in abundance at the site with the greatest cover of 
emergent vegetation that is also partially surrounded by woody vegetation (Daystar; 
Table 2.1 and Table 2.6).  Vegetation plays a vital role in the lifecycle of damselflies and 
dragonflies as many species lay their eggs on macrophytes.  As a result, Odonata 
diversity correlates with percent vegetation cover in natural and created wetlands 
(Samways & Steytler, 1996).  Odonates may also be influenced by the physical 
characteristics of stormwater ponds, in addition to tree and shrub abundance, and 
hydrophyte richness (Angeloni et al., 2006)(Scher and Thiery 2005).  Thus promoting 
maintenance of vegetation rather than mowing to the edge of ponds has the potential to 
expand local biodiversity.  Vegetation cover not only increases heterogeneity and habitat 
availability but influences many other aspects of an aquatic environment, including 
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driving key regulating services provided by stormwater ponds such as decomposition, 
mineralization and nutrient regeneration (Angeloni et al., 2006).  Emergent vegetation is 
also a source of carbon for organic matter decomposition and species-specific influences 
of emergent vegetation on microbial community structure have been observed, thereby 
affecting the potential for microbially-mediated nutrient cycling (Angeloni et al., 
2006).  The correlation between Chironomidae richness and overall family diversity with 
vegetation cover in our study suggests that vegetation plays a key role in supporting 
diverse communities of macroinvertebrates by also providing organic matter for 
consumption by invertebrates, in addition to decomposition and mineralization. 
Water Chemistry 
Urban stormwater ponds that receive runoff from roads and parking lots are 
susceptible to the accumulation of a variety of pollutants and are susceptible to 
temperature swings. Most of the dominant species found in our study were those that can 
proliferate in moderately to severely polluted ecosystems (Peckarsky, 1990; Bervoets et 
al., 1996; Armitage et al., 2012).  Oligochaeta, Chironomidae and pulmonate snails were 
the most abundant individuals across all sites.  The most abundant genus of 
Chironomidae across all stormwater ponds, Chironomus sp., is known to be one of the 
more tolerant genera for high salinities, heavy metals, low pH and low dissolved oxygen 
(Walshe, 1950; Konstantinov, 1971; Bervoets et al., 1996; Armitage et al., 
2012).  Chironomus sp. is one genus of Chironomidae that possesses hemoglobin, which 
has a high affinity for oxygen and allows these organisms to tolerate very low oxygen 
levels (Armitage et al., 2012).  The most abundant Gastropoda were Physidae sp. which 
are common in sub-optimal habitats in small ponds, ditches, lakes and streams where 
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more sensitive gilled snails are typically absent (Peckarsky et al. 1990). The dominance 
of these two tolerant taxa (Chironomus sp./Physidae) suggests the physicochemical 
environment of stormwater ponds is unfit for more sensitive macroinvertebrates. 
PC3 was characterized by the water chemistry variables conductivity and 
temperature, and these factor scores were significantly lower in summer suggesting that 
this component characterizes the seasonal variability in the ponds (Table 2.5). 
Temperature was the only variable that was significantly different between seasons (One-
way Analysis of Variance; F=4.29, P=0.03) and differed between fall and spring and 
summer and spring. We hypothesized that suboptimal dissolved oxygen and conductivity 
levels would decrease invertebrate diversity, but there was little relationship between 
water chemistry and macroinvertebrate diversity. Dissolved oxygen levels below 4 mg L-1 
begin to negatively affect diversity (Behar et al., 1996). While infrequent, dissolved 
oxygen levels below 4 mg L-1 were periodically observed in 3 out of 9 of the sites.  We 
did not observe a relationship between low oxygen and low diversity, but this may be a 
function of our emphasis on benthic organisms that are adapted to low oxygen benthic 
environments. 
Stormwater ponds generally receive large volumes of runoff and snowmelt, in 
relationship to the degree of urbanization in the landscape (Perera et al 2009).  We 
anticipated that the close proximity of most of these ponds to parking lots and roads 
would enhance conductivity and decrease diversity (Blair, 2001; Blasius & Merritt, 2002; 
Meter et al., 2011). Previous work suggests that typical stormwater pond salinity may 
range from <0.1 up to nearly 20 mS cm-1 (Meter et al., 2011), which is high relative to the 
idea conductivity of freshwater ecosystems (0.150-0.500 mS cm-1 ) (Behar et al., 1996). 
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Our highest value, 10.5 mS in late spring at Lac de Ville, where conductivity was 
consistently the highest, can be attributed to road salt runoff following snowmelt in the 
spring.  It is likely that values at this and other ponds were substantially higher earlier in 
the season. While increased chloride levels can affect aquatic plants and invertebrates and 
have implications for overall ecosystem health, and Lac de Ville did display low 
Shannon-Weiner diversity, we saw little predictable impact of conductivity in this 
study.  The tolerance of macroinvertebrates to increased salinity varies, and in general, in 
the order Mollusca, Gastropoda are more tolerant than bivalves and he Gastropod 
families that were abundant at our sites (Hydrobiidae, Lymnaeidae, Planorbidae and 
Physidae) can tolerate salinities ranging from 2.7-32.1 g L-1 whereas our abundant 
bivalve, Pisidium can only tolerate up to 4.2 g L-1 (Zinchenko & Golovatyuk, 2013). 
Other taxa in our stormwater ponds, including Oligochaeta and Chironomidae, are more 
tolerant of high salinities compared to the more sensitive orders such as Ephemeroptera 
(Hassell et al., 2006; Zinchenko & Golovatyuk, 2013). Therefore, our ponds may not 
represent a substantial gradient in salinity that allows us to evaluate in detail the impact 
on benthic communities because of the general lack of sensitive species across all sites. 
Biodiversity and Potential Impact on Sediment Biogeochemistry 
Overall, the survey of 9 stormwater ponds suggests that the benthic communities 
are dominated by tolerant genera such as pulmonate snails, Oligochaeta and 
Chironomidae.  All of these organisms spend some part of their life cycle in benthic 
sediments and their presence in high abundances may have implications for processes 
occurring in the benthos (Peckarsky, 1990; Armitage et al., 2012; Kristensen et al., 2012). 
Benthic invertebrates that inhabit this niche affect processes occurring at the sediment-
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water interface as illustrated in studies in both freshwater and marine ecosystems 
(Mermillod-Blondin et al., 2005; Nogaro et al., 2007; Kristensen et al., 
2012).  Invertebrates influence their environment directly and indirectly through feeding, 
excretion, and bioturbation activities which mix sediment, affect nutrient concentrations 
and redox potential (Kristensen 2000). Benthic macroinvertebrates in high densities in 
stormwater ponds have the potential to affect carbon sequestration, denitrification and the 
retention of heavy metals (Kristensen, 2000; Nogaro et al., 2007; Mermillod-Blondin et 
al., 2008).  Although Oligochaeta specimens in our study were not well preserved, those 
samples that were sorted early after collection contained as many as 30 or more 
individuals per sample (4,225 individuals m-2). Chironomidae were found at densities as 
high as 2,100 individuals m-2 at St. John’s. Oligochaetes and Chironomids at these 
densities have the potential to affect ecosystem services in stormwater ponds through 
bioturbation as demonstrated in more detail in Chapter 3. Benthic invertebrates thereby 
may influence the ability of stormwater ponds to provide services such as water quality 
improvement through organic matter decomposition and nutrient removal (Chapter 3). 
Conclusions 
Stormwater ponds clearly function as habitat and play a vital role in providing 
regulating, provisioning and supporting ecosystem services to urban and suburban 
areas.  Therefore, they should be managed to optimize these services.  Our study suggests 
that age, size, water quality and vegetation cover may influence the physical, chemical 
and biological environment in stormwater ponds. Vegetation appears particularly 
important in determining the community structure, as it provides habitat, sites for 
metamorphosis and emergence, and food. This study suggests that high salinities, low 
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dissolved oxygen and eutrophic conditions in stormwater ponds are related to the 
dominance of tolerant taxa and absence of sensitive taxa, but that the presence of 
vegetation may help to ameliorate some of these impacts. From this study we conclude 
that promoting emergent vegetation in created ponds will support biodiversity of 
macroinvertebrates as well as provide functional services important for stormwater 
management and improvement in water quality. 
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CHAPTER 3: Benthic invertebrate impacts on biogeochemistry at the 
sediment water interface 
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3.1 Introduction 
Since the passage of Phase II of the Clean Water Act stormwater ponds have 
played an important role in stormwater management as they are crucial for flood control, 
reducing erosion and improving downstream water quality (US Clean Water Act 2002). 
Urban ponds are widely recognized for their functional role, but they also serve a variety 
of other purposes such as providing habitat to aquatic flora and fauna and providing 
important ecosystem services such water filtration, carbon sequestration and nutrient 
cycling (Le Viol et al., 2009). 
Stormwater ponds function similarly to other aquatic ecosystems in terms of their 
role in providing services such as decomposition and mineralization of organic material, 
however they are not often recognized for this value. Aquatic sediments are a reservoir 
for autochthonous and allochthonous organic matter, nutrients and solutes whose 
turnover occur at the sediment water interface. The sediment-water interface is a shallow 
region between oxic water and oxic and anoxic sediments and can be easily disturbed by 
mechanical processes.  The availability of inorganic nutrients to plants and other 
organisms is controlled by degradation of organic matter by aerobic and anaerobic 
bacteria and is greatly influenced by processes occurring in this narrow zone (Adámek & 
Maršálek, 2013). Benthic invertebrates that inhabit this region in marine and freshwater 
ecosystems can affect biogeochemical cycling as illustrated in numerous studies (Nogaro 
et al., 2007; Mermillod-Blondin et al., 2008; Kristensen et al., 2012). 
Benthic invertebrates affect the biogeochemical processes in the sediment in two 
ways, the first directly through feeding, respiration, secretion and excretion and the 
second indirectly through bioturbation, bioirrigation, and resuspension (Aller, 1982; 
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Covich et al., 1999; Nogaro et al., 2007; Adámek & Maršálek, 2013). Bioturbation, 
defined by Kristensen et al. (2012) includes “all possible transport processes and 
associated physical modifications by which aquatic organisms affect the substratum in or 
on which they live”.  More specifically, bioturbation is the creation of burrows by particle 
displacement whereas bioirrigation is the movement of pore water and solutes through 
those burrows (Kristensen, 2000; Kristensen et al., 2012). 
Interactions between benthic invertebrates and the sediment control factors such 
as permeability, water content, chemical gradients in pore water, organic matter depth, 
mineralization and inorganic nutrient flux (Lohrer et al., 2004). Benthic invertebrates that 
are responsible for these modifications can be placed into categories including bio 
diffusors, upward conveyors, downward conveyors, and regenerators which mix sediment 
locally and are present at various depths in the sediment (Kristensen et al., 2012). Bio-
diffusors randomly mix sediment in small areas and regenerators dig burrows and bring 
sediments from deeper layers to the surface. Upward and downward conveyors feed and 
excrete waste vertically, ultimately transporting particles to the surface or deeper into 
sediments (Kristensen et al., 2012). 
Transport processes performed by the organisms in these categories affect nutrient 
cycling by increasing the surface area for solute exchange on burrow walls and by 
facilitating the penetration of oxygen and other terminal electron acceptors into the 
sediment through ventilation and irrigation (Aller, 1982; Kristensen, 2000; Lohrer et al., 
2004; Mermillod-Blondin et al., 2005, 2008). The facilitation of movement of solutes and 
oxygen by benthic organisms creates a three dimensional matrix of oxic and anoxic zones 
which affects biogeochemical cycling by altering the redox potential vertically and 
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horizontally (Kristensen et al., 2012; Schlesinger & Bernhardt, 2013). Burrowing 
invertebrates may increase the sediment oxygen demand and decrease dissolved oxygen 
in the water column (Edwards et al., 2009).  By increasing the mobility of terminal 
electron acceptors and abundance of nutrient transforming bacteria, bioturbation allows 
for greater organic matter degradation and mineralization and an increase in inorganic 
nutrient fluxes (Kristensen, 2000; Lohrer et al., 2004). 
Many studies have shown that a variety of benthic invertebrates affect nutrient 
cycling in sediments through the direct and indirect processes discussed above (Gallepp, 
1979; Mermillod-Blondin et al., 2005, 2005; Nogaro et al., 2007a, 2008; Banks et al., 
2013). Two organisms that have been studied for their effects on sediment 
biogeochemistry in freshwater include Chironomidae and Oligochaeta (Banks et al., 
2013; Nogaro et al., 2007a, 2008; Mermillod-Blondin et al., 2005, 2008). Chironomidae 
have been found to influence the uptake of oxygen as a result of burrowing, respiration 
and feeding.  Larvae pump overlying water through their U-shaped burrows while 
feeding on algae and detritus.  This process increases oxygenation and transports organic 
carbon from the surface deeper into the sediment (Walshe,1950; Adámek & Maršálek, 
2013). Chironomids have also been shown to increase the flux of ammonium and 
phosphate to the water column by increasing the exchange of solutes through burrow 
walls (Biswas et al., 2009; Edwards et al., 2009; Shang et al., 2013).  Inorganic nitrogen 
is also impacted by invertebrate transporting nitrate into anaerobic layers which allows 
for increased denitrification. Oxygenation of the sediment in burrows also increases the 
surface area between oxic and anoxic zones allowing for nitrification and denitrification 
coupling (Banks et al., 2013). 
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The processes benthic invertebrate facilitate in sediments are important because 
they can be tolerant of low oxygenated environments and may be abundant in stormwater 
pond sediment (Walshe, 1950). Chironomids are tolerant of these environments because 
they possess hemoglobin which binds oxygen and stores it, thereby increasing the 
efficiency of respiration (Walshe, 1950).  The effect of bioturbation of Chironomidae in 
sediment may be significant as they can occur in densities as high as thousands of 
individuals per square meter (Konstantinov, 1971). At one of the sites, St. John’s, the 
density of Chironomidae was as high as 12 individuals per sample which extrapolates out 
to over 1,000 individuals per square meter (Chapter 2).   
Similarly, tubificid worms affect nutrient cycling by increasing transport of 
terminal electron acceptors to the sediments, thereby increasing organic matter 
mineralization and microbial activity and fostering greater release of ammonium, 
phosphate and dissolved organic carbon to the water column and enhanced denitrification 
(Mermillod-Blondin et al., 2005; Nogaro et al., 2007a).  Lumbriculus sp. resembles 
tubifex worms in appearance and in burrow construction. They may reside is similar 
habitats; however, they differ in their mode of respiration. Lumbriculus sp. constructs 
vertical burrows foraging downward into sediment to consume debris.  They can be 
categorized as upward conveyors as they transport particles from within the sediment to 
the surface through feeding and excretion.  As they burrow, their tail projects upward at 
the surface for gas exchange (Lesiuk & Drewes, 1999). 
Studies of benthic invertebrates indicate that bioturbation affects biogeochemical 
processes in marine and freshwater ecosystems (Gallepp, 1979; Nogaro et al., 2007b, 
2008). In this experiment, I analyzed the effect of two burrowing benthic invertebrates on 
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sediment oxygen consumption and sediment-water column nitrogen and phosphorous 
fluxes.  Understanding how Lumbriculus sp. and Chironomus sp. affect sediment 
biogeochemistry will provide insight on the relationship between invertebrate diversity 
and the potential for stormwater ponds to deliver desirable ecosystem services.    
3.2 Methods: 
Study Site 
Sediment cores for the microcosm experiment were collected from two 
stormwater ponds in Monroe County, NY, USA.  The first pond was located on the 
Rochester Institute of Technology’s campus; it is approximately 8 years old and 
represents a heavily managed pond with less organic matter. This pond is referred to as 
the J-lot pond and is abbreviated as (J) hereafter. The other site was a stormwater pond on 
the property of the Father’s House, a church in Chili, NY. This pond is approximately 6 
years old and represents a lightly managed pond with more emergent vegetation and 
higher sediment organic matter. The average organic matter concentration for J-lot pond 
which supplied the low organic matter sediment was 2.3% over 3 sampling seasons 
compared to the source of the high organic matter sediment which was 3.0%.  Sediment 
was sampled up to a depth of 5 cm and organic matter was measured by the loss on 
ignition method (Chapter 2). These two sites were chosen because they were of 
comparable size, age and sediment grainsize but differed in terms of management 
practices and sediment organic matter content.  
Microcosm design 
Sediment was collected during mid-June from study sites.  Surface sediments (0-2 
cm) were roughly separated from deeper sediments (2-5 cm and 5-10 cm) prior to sieving 
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with a 1 mm mesh screen.  Sediment was homogenized and reassembled in polycarbonate 
tubes (30 cm height by 9.5 cm diameter) at their respective depths.  Approximately 1 L 
headspace was left above each sediment sample and sealed with rubber stoppers (Tyler et 
al., 2001). Sediment cores sat overnight to allow fine sediment to settle after artificial 
freshwater (described below) was added to the headspace.  Opaque plastic was secured 
around the outside of the core at the sediment water interface to prevent light penetration. 
Microcosms were then submerged in a 416 L open top Living Stream (FrigidUnits, Inc. 
Toledo, OH) maintained at 22° C with the use of an inline chiller and allowed to 
equilibrate for 24 days.   Artificial freshwater was made according to EPA methods with 
deionized water with additions of MgSO4, NaHCO3 and KCl, and CaSO4•H2O. The 
solution was aerated in the tank for 24 hours once mixed.  Conductivity was measured 
periodically and deionized water was added to maintain appropriate salinity (US EPA 
2007). 
Microcosms were submerged with a height of 10-15 cm above the core and 
aerated with bubblers and tygon tubing attached to an air pump by gang valves. A 14 
hour light and a 10 hour dark period were maintained during the experiment in order to 
account for natural conditions in the field and to allow for growth of photosynthetic 
microalgae (McLenaghan et al., 2011).  The tank was illuminated with full spectrum 
fluorescent bulbs.  Equilibration allowed for recovery of pore water solute concentrations 
and microbial populations.  After the equilibration period, L. variegatus and Chironomus 
sp. were added and the tops of all tubes were covered with mesh screens to inhibit the 
movement of invertebrates between cores. Densities of animals were estimated based on 
methods from literature and density of chironomids and worms found during 
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sampling.  The highest densities observed during field sampling were approximately 
8,570 Oligochaeta per m2 and approximately 2,100 Chironomidae per m2.  These 
observed densities were increased to 15,710 Lumbriculus per m2 and 5,710 m2 of 
Chironomidae as previous studies use densities as high as 10,000 individuals m2 (Stief & 
de Beer, 2006; Nogaro et al., 2008). Lumbriculus were obtained from Aquatic 
Biosystems in April 2014 and cultured in the lab and Chironomus sp. were collected from 
a stormwater pond (St. John’s; Chapter 2).   
Sediment - Water Column Exchange of Oxygen and Nutrients 
Sediment water column fluxes were measured 2 days after organism additions and 
again 30 days after organism addition to capture the effects of organisms during and after 
colonization of microcosms. Prior to the sediment-water column flux measurements, two 
thirds of the overlying water was siphoned off the top of the microcosm. New freshwater 
replaced siphoned water and the microcosm was sealed and mixed with a magnetic stir 
bar by an external motor (approximately 60 RPM) to prevent the creation of 
concentration gradients in the water column (Tyler et al., 2001). The concentration of 
oxygen and solutes was measured every 2-3 hours over an 8-12 hour period to capture 
concentration changes, but without allowing for the oxygen concentration to drop below 
4 mg L-1. The first three measurements were taken in the dark, followed by a light period 
(Tyler et al., 2001). Overlying water was withdrawn (30 ml) and measured for 
ammonium, nitrate, nitrite and phosphate.  Removed water was replaced with water of a 
known concentration and this potential dilution taken into account in the calculations of 
flux.  Ammonium was measured using the phenol hypochlorite method (Solórzano, 
1969).  Nitrate+ nitrite (hereafter nitrate) and phosphate were measured with a Lachat 
31 
 
Quickchem Autoanalyzer 8500 using Lachat Methods 10‐115‐01‐1‐A and 10‐107‐04‐1‐
H, respectively. 
Flux rates were calculated based on changes in concentration over time using the 
equation J= (dC/dt)*(V/A) where J is the flux rate, A is the area of the core, V is the 
volume, C is concentration and t is time (Tyler et al., 2001). Daily net ecosystem 
metabolism (NEM) was calculated from O2 flux using the equation [(O2 flux in light * 
14hr) + (O2 flux in dark * 10hr)].  Gross primary productivity (GPP) was calculated from 
O2 using the equation (O2 flux in light - O2 flux in dark). 
Microcosm Deconstruction 
Following the flux measurements on day 30, microcosms were taken apart and 
measurements were taken to analyze oxygen depth, organic matter, porewater nutrients, 
chlorophyll a content, and recovered organisms.  Measurements of oxygen penetration 
depth were taken at 5 points around core based on sediment color and averaged. A 10 cm 
deep sample of sediment was taken for organic matter analysis with a 60 cc syringe corer 
that was then sectioned at depths of 0-2 cm, 2-5 cm and 5-10 cm and analyzed using the 
loss on ignition method. Porewater samples were collected with a 10 cc syringe corer at 
0-2 cm and 2-5 cm.  Samples were placed in 15 ml centrifuge tubes, centrifuged for 10 
min at 4000 rpm and the supernatant filtered and measured for NH4+ and PO43-. 
Ammonium was measured using the phenol hypochlorite method (Solórzano, 1969) and 
phosphate using soluble reactive phosphorous method(Strickland, J. D. H. & Parsons, T. 
R., 1972). Chlorophyll a samples were taken using a 5 ml syringe corer up to a depth of 1 
cm and placed in 15 ml centrifuge tubes.  Samples were immediately wrapped in foil to 
prevent light penetration and stored on ice in a cooler until storage at -80 ° C until 
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analysis within 30d.  A 90% acetone solution was used to extract chlorophyll from cells 
and samples were sonicated to break up algal cells (Strickland, J. D. H. & Parsons, T. R., 
1972). Samples were placed in the freezer overnight prior to shaking to resuspend 
sediments followed by analysis on a Shimadzu 1800 spectrophotometer.  Absorbance at 
665 nm and 750 nm was measured before and after acidification with hydrochloric acid 
and chlorophyll a content calculated using equations of Lorenzen, (1967). 
Organism excretion and respiration 
Direct excretion and respiration rates by organisms were measured in a separate 
experiment.  Foil covered BOD bottles were filled with artificial freshwater and 
treatments included a control, Chironomus sp. and Lumbriculus sp. (n=6).  Chironomus 
sp treatments had 8 individuals and Lumbriculus treatments had 11 individuals. Oxygen 
and ammonium measurements were taken at time zero and again after 8 
hours.  Respiration and excretion was calculated using the flux equation described above 
and divided by the number of organisms in the treatment.   
Data Analysis 
A linear regression was done to analyze the density of organisms recovered at the 
end of the experiment versus all measured parameters. To analyze the difference in 
nutrient flux and oxygen consumption for three treatments during the light and dark 
periods a three way ANOVA was conducted using R statistical software. A 3 way 
ANOVA was done for both nitrate and ammonium.  A two-way ANOVA was done for 
NEM and GPP which were calculated from O2 measurements. A post hoc HSD tukey test 
was used to do a pairwise comparison between treatments.  Destructive sampling 
measurements were first analyzed using a linear regression to correlate density of 
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recovered organisms versus each analyte given the density of organisms recovered 
differed than the density add at the start of the experiment.  A two-way ANOVA was 
then done on destructive measurements to differentiate between sediment and organism 
treatments. 
3.3 RESULTS 
   Lumbriculus were recovered in all treatments during destructive sampling of 
microcosms at the end of the experiment. We suspect that juvenile worms passed through 
the sieve during microcosm preparation and matured during the course of the 
experiment.  However, the number of organisms in the Lumbriculus treatments was 
significantly higher than in control treatments, and a regression between sediment organic 
matter, chlorophyll a, and porewater NH4+ and PO43- and animal density revealed no 
significant correlations suggesting that the differences between animal and control 
treatments on day 30 were due to the effect of the high density of Lumbriculus in the 
treatment microcosms. No Chironomus sp. larvae were recovered during destructive 
sampling, however one adult midge was found suggesting that larvae hatched and 
remnants decomposed during the experiment. The Chironomus sp. treatment was 
therefore eliminated from the day 30 analysis. Excretion by organisms was approximated 
to 5400 umoles per day by Chironomus and 5660 umoles per day by Lumbriculus. 
Sediment – water column nutrient and oxygen fluxes 
Our results indicate that organisms had a significant effect on oxygen 
consumption and nutrient cycling, especially during colonization.  Ammonium was 
consistently released from all sediments, and organisms had a significant positive effect 
on NH4+ release during colonization (p<0.001), with a greater effect of Chironomus sp. 
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than L. variegatus. On day 30, there was a significant effect of sediment type on 
ammonium flux with the higher organic matter sediment producing a higher ammonium 
flux than low organic matter sediment (p<0.01) but no effect of organisms.  On day 2 
(colonization) Chironomus sp. significantly enhanced nitrate uptake (p<0.05) and we saw 
a significant interaction between organisms and the light dark cycle (p<0.01) as well as 
sediment and the light dark cycle (p<0.05). PO43 - measurements were consistently below 
the limits of detection of the method and are not presented (Table 3.1; fluxes measured in 
the light and dark are given in (Table A1) 
There was a significant effect of organisms on NEM on day 2 and day 30 
(p<0.001, p<0.05) and a significant effect of sediment on day 30 (p<0.01). There was 
also a significant effect of organisms on GPP during day 2 (p<0.01).  HSD post hoc tests 
showed significant differences between all treatments on day 2 with the NEM highest in 
Chironomus sp. treatments, followed by L. variegatus and then the control. A 
significantly higher NEM was observed for L. variegatus on day 30 (p<0.01). Sediment 
type also had a significant effect on NEM on day 30 with high organic matter sediments 
have higher NEM (p<0.001)(Table 3.1). 
Post experiment analysis of microcosm sediments 
No significant correlations between animal density at the end of the experiment 
and any other variables except for the depth of O2 penetration; therefore we determined 
that the treatments were intact (Table 3.2).   There was deeper oxygen penetration in high 
organic matter sediments (p<0.001) but no effect of organisms. Chlorophyll a was higher 
in low organic matter sediments, but there was a significant interaction with the organism 
treatment such that the the Lumbriculus in the low organic matter sediment had the 
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highest Chlorophyll a and both high organic matter treatments were the lowest (p<0.001, 
interaction; Figure 3.3 and Table 3.3).  Porewater ammonium was lower in high organic 
matter treatments in both the 0-2 cm and 2-5 cm samples (p<0.01, p<0.01), but there was 
no organism effect; there were no treatment effects on  whereas no effect was seen on 
porewater PO43- High organic matter sediments retained higher organic matter content at 
0-2 cm and 2-5 cm depths (p<0.05, p<0.05) with no organism effects; but there was an 
interaction between sediment type and organisms at 5-10 cm interval with Lumbriculus 
bringing the OM content of the high OM treatment in line with the low OM 
treatment(p<0.05).   
3.4 DISCUSSION 
Our study supports the contention that even in environments that may be 
considered marginal, burrowing invertebrates play an important role in determining 
ecosystem function.  These common species that are often used as indicators of 
suboptimal water quality, nonetheless impact key biogeochemical processes and 
contribute to key services associated with urban stormwater structures including nutrient 
removal and carbon sequestration.  They carry this out by mixing and aerating sediment 
through bioturbation, and by feeding on organic matter and excreting waste.  Results 
from this study are consistent with previous studies which suggest that organisms and 
sediment organic matter have a significant effect on oxygen consumption, decomposition, 
mineralization and nutrient fluxes in aquatic ecosystems (Svensson, 1997; Nogaro et al., 
2007, 2008; Mermillod-Blondin et al., 2008).   
Invertebrate Impact on Ecosystem Metabolism 
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Our results suggest the increased NEM can be attributed to increased oxygen 
penetration into the sediment as a result of invertebrate respiration and bioturbation 
(Figure 2.2).  The creation of burrows allows for the transport of oxygen deeper into the 
sediment and creates an extension of the sediment water interface (Mermillod-Blondin et 
al., 2005).  Increased availability of oxygen stimulates microbial communities and 
enhances aerobic microbial decomposition. Chironomidae are collectors who consume 
algae, leaf litter and detritus feeding at the surface and excreting waste deeper in the 
sediment.  Chironomus sp. therefore aid in the decomposition of organic matter.  They 
can burrow as deep as 10 cm and their undulating respiratory habit allows for deep 
oxygen penetration (Adámek & Maršálek, 2013).  These habits differ from those of 
Lumbriculus sp. who use their head to forage and consume detritus in sediments.  Their 
tail end projects upward and is responsible for gas exchange (Lesiuk & Drewes, 
1999).  This difference in feeding and respiration habit may be related to differences in 
NEM in organism treatments. Net ecosystem metabolism was stimulated by Chironomus 
sp. significantly more so than the Lumbriculus sp, and control treatments (Table 3.1). 
Nutrient Release 
Increased oxygen penetration and sediment metabolism due to bioturbation 
increases decomposition and mineralization and in turn stimulates release of porewater 
solutes from the sediment to the water column.  The increased ammonium release in our 
invertebrate treatments suggests that the presence of burrowing invertebrates in detention 
pond sediments release ammonium through excretion, mixing and/or stimulation of 
mineralization (Mermillod-Blondin et al., 2005; Svensson, 1997; Mermillod-Blondin et 
al., 2005, 2008; Nogaro et al., 2007b, 2008; Biswas et al., 2009; Edwards et al., 2009; 
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Shang et al., 2013) (Figure 3.2,  Table 3.1). Excretion by organisms was approximated to 
5400 umoles per day by Chironomus and 5660 umoles per day by Lumbriculus.  It is 
likely that much of the ammonium released in Chironomus treatments was due to 
excretion; however, there was a net uptake of nitrogen in Lumbriculus treatments 
indicating nitrification and subsequent denitrification of excreted ammonium. 
Bioturbation can facilitate the transport of oxygen and other terminal electron 
acceptors such as nitrate into the sediment. Transporting nitrate and nitrite to anaerobic 
layers of sediment allows for denitrification and nitrate reduction (Mermillod-Blondin et 
al., 2005; Banks et al., 2013). Invertebrates also oxygenate the sediment around the 
burrows increasing surface area between oxic and anoxic zones allowing for increased 
coupling of nitrification and denitrification. Increased surface area between these zones 
also allows for the oxidation of ammonium to nitrate supplying nitrate for denitrification 
(Kristensen, 2000; Banks et al., 2013). The disparity between excreted ammonium and 
ammonium release in Lumbriculus treatments as well as negative nitrate flux suggests 
excreted ammonium in Lumbriculus treatments is facilitating nitrification/denitrification 
coupling. 
This study showed a significant effect of Chironomus on sediment nitrate uptake 
(Table 3.1). There was also an interaction between the light and dark cycle and influence 
of organisms and the light and dark cycle and influence of sediment type. Organisms may 
be more active during dark periods or, the difference in availability of oxygen could 
produce this light/dark interactions. Previous studies also show complex interactions 
between photosynthesis, nitrification and denitrification due to oxygen 
availability.  Denitrification can be limited by photosynthetic algae in estuaries, lakes and 
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streams because of the depth of O2 penetration in the aerobic surface layer (Nielsen et al., 
1990). Denitrification can also be limited in the dark because photosynthesis and oxygen 
production allow for nitrification that supplies nitrate for denitrification, resulting in an 
increase in nitrification/denitrification coupling during the daytime (An & Joye, 
2001).  Both dark and light conditions can favor denitrification when ammonium is 
available for nitrification (Stief & de Beer, 2006). 
Higher nitrate consumption during the dark period in organism treatments, 
suggests that enhanced denitrification is occurring in the dark due to more anaerobic 
conditions (A1). Direct measurement of denitrification relationships in these 
environments is warranted in future studies.  The flux of PO43-was negligible, but 
porewater phosphate was significantly higher in high organic matter sediments, while 
porewater ammonium was lower in high organic matter sediment. Previous studies have 
shown an increased flux of both nitrogen and phosphorous as a result of bioturbation. 
However, bioturbation can also inhibit PO43- flux by creating aerobic conditions 
facilitating bonding of phosphate to ferric iron hydroxides that which inhibits the release 
of phosphate to the water column (Boström et al., 1988). The lack of phosphorous flux 
may mean that aerobic conditions inhibited phosphate flux because of binding to iron 
(Boström et al., 1988).  Our results suggest the effect of oxygenation was more influential 
than particle displacement on phosphate flux (Adámek & Maršálek, 2013). 
Organic matter availability, metabolism and nutrient flux 
High organic matter sediments had higher net ecosystem metabolism and 
increased ammonium flux when compared to low organic matter sediments on day 30 
(Table 3.1). Previous findings also suggest high organic matter sediments have the 
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potential to increase solute flux more so than low organic matter sediments (Kristensen et 
al., 1992; Nogaro et al., 2008). Similar studies have shown that tubificids have different 
effects on biogeochemical cycling depending on the quantity of particulate organic 
matter. In lower organic matter sediments, less substrate for organisms to feed on results 
in lower bioturbation and a smaller impact on microbial communities.  Kristensen 
observed the influence of benthic organisms is positively correlated with the amount of 
organic matter in the sediment  such that tubificids enhanced NH4+ and DOC release in 
high POM sediments more than low POM sediments (1992). The high net ecosystem 
metabolism and nitrate flux in our high organic matter sediments in the day 30 
experiment supports the findings that more substrate for consumption by organisms 
facilitates increased decomposition and nutrient flux from sediments.  Lumbriculus 
decreased the amount of organic matter at the depths 5-10 cm indicating that not only do 
they burrow deep but can have a net effect on carbon cycling (Table 3.3). The effect of 
organic matter is not seen in studies with Chironomidae because they feed non selectively 
on the sediment surface (Henriques-Oliveira et al., 2003).  In our study we saw an effect 
of Lumbriculus on day 2 but not day 30 suggesting that the OM in the low OM sediments 
was exhausted by the end of the experiment.   
While high organic matter sediments favor feeding and burrowing, lower organic 
matter sediments may see more of an effect of invertebrates because their sediment 
metabolism is lower and easily stimulated by bioturbation (Nogaro et al., 2007b). This 
was not the case in our study; however, this may have implications for application of this 
work to similar studies and the adaption of this study to field conditions where OM is 
very high. Not only does POM quantity affect the impact of invertebrates but the quality 
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does as well. Tubificids are able to have more of an effect on sediments with refractory 
POM than labile POM (Nogaro et al., 2007b).  Our study does not differentiate between 
the types of organic matter but this may be an area of further research especially in 
stormwater ponds which have input of organic matter from various allochthonous and 
autochthonous sources. 
Conclusions 
The presence of bioturbating Chironomus and Lumbriculus increased benthic 
oxygen consumption through respiration and also enhanced decomposition and 
mineralization of organic matter.  We observed an increase in ammonium flux which 
suggests that excretion, as well as mixing and stimulation of mineralization were 
responsible for ammonium production and release from sediments. We suggest that the 
less obvious impact of Lumbriculus on the ammonium flux may be due to enhanced 
nitrification of excreted N.  The enhanced nitrate influx in the presence of organisms 
supports this idea.  Organisms had more of an effect on sediment biogeochemistry during 
colonization, but these processes were sustained for longer in high OM sediments.  We 
conclude that burrowing benthic invertebrates are key in controlling sediment 
biogeochemistry in stormwater ponds but the net effect depends on the feeding and 
respiration of the organism as well as the amount and type of organic matter.  More 
studies need to be done to understand the net effect of bioturbators on sediment 
biogeochemistry in stormwater ponds. 
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CHAPTER 4: Conclusions 
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Stormwater ponds are important features in the urban landscape as they allow for 
flood control, sedimentation and improvement in downstream water quality.  They have 
recently been recognized for their role in providing habitat for aquatic organisms and 
providing ecosystem services and ancillary benefits for communities. 
       In Chapter 2 we analyzed the physicochemical parameters of stormwater 
ponds and their contribution to biodiversity in urban areas.  Many ponds had high 
salinities and low dissolved oxygen levels as well as low amounts of emergent 
vegetation.  These characteristics may hinder the ability of ponds to provide habitat for a 
wide breadth of aquatic organisms.  The benthic organisms collected during the field 
experiment included tolerant species such as Oligochaeta, Chironomidae and pulmonate 
snails.  The abundance of tolerant taxa and absence of sensitive taxa suggest that 
although stormwater ponds have potential to serve as important habitat for 
macroinvertebrates, shortcomings in the physicochemical environment due to  pollution 
and management may hinder the ability to support a diverse community. 
In Chapter 3 we analyzed the effect of two burrowing benthic invertebrates, 
Chironomus and Lumbriculus, on sediment biogeochemistry.  The results suggest that 
invertebrates affect stormwater sediment by increasing oxygen consumption and nitrogen 
flux through direct and indirect effects. Organisms mix and aerate sediment, as well as 
consume organic matter and excrete waste.  Burrowing benthic invertebrates increase the 
transport of oxygen and terminal electron acceptors into the sediment and increase 
decomposition and mineralization. Invertebrate influence on nutrient cycling may have 
implications for stormwater management and water quality downstream. Tolerant species 
such as, Oligochaeta and Chironomidae are found in stormwater ponds in high densities 
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(Chapter 2). Chironomidae can account for 50% of the diversity in aquatic ecosystems 
and can be found in very high densities in benthic environments (Armitage et al., 2012). 
These organisms have the capability to significantly affect sediment biogeochemistry and 
should be studied further. Studying ecosystem dynamics and services in stormwater 
ponds may allow us to promote biodiversity and enhance the ecosystem services they 
provide in developed landscapes. 
Stormwater ponds clearly function as habitat and play and vital role in providing 
regulating, provisioning and supporting ecosystem services to urban and suburban 
areas.  Therefore, they should be managed to optimize these services.  High salinities, 
low dissolved oxygen and eutrophic conditions at these sites are related to the dominance 
of tolerant taxa.  Increased amounts of dissolved oxygen can be achieved with aeration 
fountains and shade to control pond temperature.  Improvement in water quality may 
allow for higher biodiversity in stormwater ponds. 
This study suggests that age, size, water quality and vegetation cover may 
influence the physical, chemical and biological environment in stormwater 
ponds.  Emergent vegetation is important in stormwater management because it aids in 
sedimentation, nutrient uptake and the removal of pollutants (EPA 2009). Vegetation also 
supports communities of macroinvertebrates. Primary production contributes to important 
processes such as providing organic matter for decomposition and mineralization and 
substrate for invertebrate consumption. From this study I conclude that more emergent 
vegetation in created ponds will support biodiversity of macroinvertebrates as well as 
provide functional services important for stormwater management. 
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Age was also an important factor in characterizing the environment in stormwater 
ponds and correlated with a variety of other parameters.  As a pond ages, invertebrates 
such as gastropods and bivalves are able to colonize.  Aging of a pond also allows for 
increased amounts of silt from sedimentation. Increased amounts of silt allow for the 
development of benthic communities which would likely be disturbed by dredging.   
Stormwater ponds are important for management of excess runoff in developed 
landscapes.  This study suggests stormwater ponds are also aquatic ecosystems that 
provide supporting, provisioning and regulating services. In order to manage ponds to 
provide services such as increased diversity and enhanced biogeochemical cycling, the 
relationships between variables such as biodiversity, physicochemical parameters and 
management practices needs to be explicitly explored so that detailed management 
recommendations can be made for optimization of stormwater control and numerous 
associated ecosystem functions. 
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Figure 2.1: Map of Rochester, NY showing the ten detention pond sampling sites.  Inset 
illustrates location of Rochester, NY. Site numbering with abbreviations is as follows:  1. 
Fathers House 1 (FH1) 2. Fathers House 2 (FH2) 3. Wellington Woods (W) 4. RIT J-lot 
(J) 5. Erie Station Village (E) 6. MCC (M) 7. Daystar (D) 8. Lac De Ville (Lac) 9. St 
Johns Meadow (St).  Map generated with Google Maps and ArcGIS. 
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Figure 2.2: Oxygenated sediment in Lumbriculus and Chironomus burrows 
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Table 2.1: Detention pond characteristics, age determined using google maps satellite 
images, size and vegetation cover adapted from (Burkett 2013).  
 
 
Code Age  Size Vege  %Silt %Clay 
Father's House 1 FH1 8 0.5 10.15 10 34 
Father's House 2 FH2 6 0.4 6.02 22 38 
Wellington W 30 0.9 0.00 42 31 
J-lot J 8 1.0 1.32 10 35 
Erie Station    E 15 4.2 1.32 24 39 
MCC M 40 5.6 0.41 21 37 
Daystar D 1 0.1 30.00 13 37 
Lac De Ville Lac 15 0.1 0.00 15 41 
St John’s St 19 1.0 3.17 12 39 
 
 
Table 2.2: Organic matter for 3 sampling seasons, Chlorophyll a (mg m
-2
) for summer 
and fall and extractable ammonium (μmoles m-2) measured during summer. 
 
 
 
  Spring Summer Fall 
  OM OM Chl a Ammonium OM Chl a 
FH1 3.5±0.5 2.2±0.7 43.4±34.9 27.0±10.3 2.2±0.9 28.8±8.8 
FH2 1.9±0.1 1.8±1.0 52.9±23.1 5.7±2.3 2.0±0.4 64.7±22.9 
W 3.5±0.7 1.9±0.5 25.0±85.1 25.7±3.8 2.8±0.3 10.9±11.1 
J 2.1±0.0 2.0±0.4 46.7±13.9 2.3±0.7 2.9±0.8 79.8±11.4 
E 3.4±0.7 1.2±0.3 47.2±26.5 2.4±0.7 1.2±0.1 39.2±12.1 
M 4.1±2.2 3.9±1.5 30.7±3.2 10.8±2.2 2.1±0.8 29.7±12.2 
D 2.9±0.7 2.1±0.4 63.7±9.5 7.9±1.2 3.9±0.4 35.9±29.5 
Lac 1.9±0.1 2.0±0.1 22.7±3.7 2.0±0.5 3.5±1.6 26.4±5.9 
St 3.6±0.3 3.8±1.0 55.7±25.6 6.1±1.5 4.2±1.6 33.1±14.5 
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Table 2.3: Average and standard deviation of water quality parameters measured in triplicate for 
3 sampling seasons. Dissolved oxygen measured in mgL
-1
, Conductivity measured in mScm
-1
 
and temperature in Celsius. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Spring Summer Fall 
Site O2 Cond. Temp O2 Cond. Temp O2 Cond. Temp 
FH1 13.0±0.7 4.1±0.3 20.8±0.2 9.9±2.3 3.46±0.2 24.2±0.7 12.2±2.0 2.3±0.1 27.9±0.3 
FH2 8.8±2.8 3.5±1.2 20.4±1.2 10.0±4.5 1.3±0.4 24.2±0.5 13.7±0.2 1.1±0.1 28.0±0.5 
W 11.9±4.0 0.7±0.2 24.5±0.8 13.9±0.2 0.5±0.0 27.7±0.3 12.6±1.1 0.5±0.0 24.3±0.8 
J 14.0±0.4 2.9±1.0 14.2±0.3 5.1±2.2 1.1±1.9 27.3±0.7 8.6±0.8 0.9±0.3 24.5±0.3 
E 14.7±1.9 0.9±0.1 20.7±0.8 12.7±3.3 0.9±0.1 30.5±0.8 8.4±0.2 1.1±0.0 16.7±0.4 
M 16.7±0.4 2.1±3.1 15.0±0.5 16.3±0.6 1.3±0.0 26.4±0.1 9.6±1.6 0.8±0.3 23.6±0.4 
D 5.2±1.1 1.3±0.0 20.6±0.2 18.8±2.0 1.0±0.1 27.7±0.6 14.1±1.1 0.7±0.0 24.5±0.1 
Lac 11.3±1.4 10.5±1.0 20.8±0.8 7.6±0.0 4.7±7.8 23.8±0.1 9.1±3.2 3.1±0.1 20.7±0.9 
St 14.4±0.3 2.6±5.8 15.2±0.3 10.4±0.7 1.9±0.4 24.4±0.2 9.6±0.4 1.2±0.0 25.5±0.6 
50 
 
Table 2.4: Diversity indices: No. indicates number of families, H indicates Shannon 
Wiener diversity, Odonata is odonata abundance, Mollusca is Shannon Wiener diversity 
for Mollusca and Chiro is Shannon Wiener for Chironomidae.  
 
 
 No. H Evenness Odonata  Mollusca Chiro. 
Father's House 1 4 1.01 0.73 0 0.00 0.53 
Father's House 2 1 0.00 - 0 0.00 0.00 
Wellington 6 1.20 0.67 1 0.99 0.38 
J-lot 2 0.68 0.99 0 0.00 1.10 
Erie Station    4 0.99 0.71 0 0.56 0.00 
MCC 3 0.76 0.70 0 0.76 0.00 
Daystar 5 1.47 0.91 5 0.69 0.69 
Lac De Ville 2 0.64 0.92 0 0.00 0.00 
St John’s 3 1.06 0.97 0 0.64 0.85 
 
 
 
Table 2.5: Eigenvalues and percent variance of PCA components from field study, 
contribution of measured parameters to first 5 principle components. Bolded values are 
most influential (>0.4)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Comp 1 Comp 2 Comp 3 Comp 4 
Eigenvalue 3.66 3.24 1.99 1.73 
% variance 21.54 19.08 11.71 10.19 
Age 0.83 -0.38 0.26 0.09 
Size 0.45 -0.43 0.11 0.39 
Vegetation -0.42 0.68 -0.12 -0.07 
Organic Matter 0.27 0.33 0.49 0.21 
Chlorophyll a -0.58 0.12 -0.42 0.42 
Extractable NH4
+ -0.04 0.19 0.12 -0.79 
% Clay -0.47 -0.34 0.27 0.54 
% Silt 0.78 -0.13 -0.34 -0.07 
Dissolved Oxygen 0.38 0.20 0.03 0.16 
Conductivity -0.39 -0.29 0.50 -0.22 
Temperature 0.11 0.03 -0.69 -0.32 
Odonata abundance 0.01 0.71 0.01 0.14 
Total Abundance 0.84 0.28 -0.19 -0.01 
Chironomidae Richness -0.10 0.69 0.36 0.27 
Mollusca Richness 0.88 0.06 0.04 0.10 
Family Diversity 0.48 0.61 0.32 -0.02 
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Figure 2.3: Principal component analysis with measured variables for 3 sampling seasons 
for 10 sites. (1= spring 2014, 2 = summer 2014, 3 = fall 2014).  
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Figure 2.4: Nonmetric Multidimensional Scaling for order level diversity over 9 sites 
sampled in triplicate over 3 sampling seasons.  Ellipses represent 85% confidence 
intervals. 
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Figure 2.5: Correlation plot for physicochemical parameters and diversity indices 
measured in triplicate over 3 sampling seasons. 
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Figure 3.1: A. Net ecosystem metabolism (NEM) calculated from O2 flux measurements 
(mmolesm
-2
hr
-1
) B. Gross primary productivity (GPP) calculated from O2 flux 
measurements (mmolesm
-2
hr
-1
). Values that share a letter are not statistically 
different from one another *indicates differences between sediment types (2- 
way ANOVA, Tukey HSD test).  C. dilutes treatments eliminated from day 30 
analysis. 
A 
B 
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Figure 3.2: Daily dissolved inorganic nitrogen fluxes measured on Days 2 and 30.  A. 
Ammonium, and B. Nitrate. Values that share a letter are not statistically different from 
one another, *indicates differences between sediments (2- way ANOVA, Tukey HSD 
test).  Letters a and b indicate differences for Day 2 and x and z for Day 30.  C. dilutes 
treatments were eliminated from day 30 analysis. 
 
A 
B 
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Table 3.1: Results of 3 way ANOVA (NO3
-
, NH4
+
) and 2 way ANOVA (Gross primary 
productivity (GPP), net ecosystem metabolism (NEM).  Net ecosystem metabolism 
(NEM) and gross primary productivity (GPP) calculated from O2 flux.  C. dilutes 
treatments eliminated from day 30 calculations. 
 
 
    DAY 2     DAY 30     
    df F P df F P 
NO3
- Organism 2 4.728 0.015 1 0.378 0.546 
  Sediment 1 1.529 0.224 1 0.006 0.941 
  Light/Dark 1 0.151 0.700 1 2.481 0.131 
  Org*Sed 2 0.595 0.557 1 0.011 0.917 
  Org*Light/Dark 2 7.252 0.002 1 1.897 0.184 
  Sed*Light/Dark 1 6.395 0.016 1 2.578 0.124 
  Org*Sed*Light/Dark 2 3.140 0.055 1 0.091 0.765 
NH4
+ Organism 2 10.552 0.000 1 0.156 0.696 
  Sediment 1 0.222 0.640 1 8.158 0.009 
  Light/Dark 1 2.187 0.148 1 7.436 0.011 
  Org*Sed 2 0.041 0.959 1 0.341 0.565 
  Org*Light/Dark 2 0.004 0.996 1 0.677 0.419 
  Sed*Light/Dark 1 0.154 0.697 1 0.873 0.360 
  Org*Sed*Light/Dark 2 0.002 0.998 1 0.896 0.353 
GPP Sediment 1 8.477 0.009 1 0.579 0.462 
  Organism 2 0.225 0.801 1 1.179 0.299 
  Org*Sed 2 1.983 0.167 1 3.714 0.078 
NEM Sediment 1 0.645 0.432 1 16.487 0.001 
  Organism 2 24.776 0.000 1 7.989 0.015 
  Org*Sed 2 0.816 0.458 1 3.007 0.109 
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Table 3.2: Results of linear regression comparing density of recovered organisms and 
destructive sampling measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.3: Results of 2 way ANOVA measuring differences between destructive 
measurements  
 
 
  Sediment Organism Interaction 
  F P F P F P 
Oxidized Zone 28.75 0.00 1.33 0.26 0.38 0.54 
Chl a 240.66 0.00 33.66 0.00 14.32 0.00 
NH4
+
 0-2 cm 10.50 0.01 0.74 0.41 0.58 0.45 
NH4
+ 2-5 cm 12.12 0.01 0.13 0.72 0.16 0.70 
PO4
3- 0-2 cm 0.35 0.57 3.41 0.09 1.99 0.19 
PO4
3-2-5 cm 1.41 0.26 0.06 0.81 0.04 0.84 
OM 0-2 cm 5.60 0.04 0.17 0.69 1.40 0.26 
OM 2-5 cm 0.60 0.45 0.95 0.35 1.23 0.29 
OM 5-10 cm 5.80 0.03 6.09 0.03 5.67 0.04 
 
 
 
 
 
 
 
 
Parameter df Adj. R
2
 F P-value 
O2 70 0.072  
 
6.56  
 
0.013 
 
OM 0-2cm 22 0.104  
 
3.67  
 
0.068 
 
OM 2-5cm 22 0.041  
 
0.11  
 
0.739 
 
OM 5-10cm 22 0.073 
 
2.82  
 
0.107 
 
Chl a 70 -0.014 
 
0.04 
 
0.847 
 
PO4
3-
 0-2cm 21 -0.035 0.25 
 
0.622 
PO4
3-
 2-5cm 21 -0.048 0.00 0.991 
NH4
+ 
0-2cm 21 -0.008 
 
0.81  
 
0.376 
 
NH4
+ 
 2-5cm 21 -0.047 
 
0.01 
 
0.949 
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Figure 3.3: A. Porewater PO4
3-
 at 2 sampling depths taken during destructive analysis.  B. 
Porewater NH4
+
 at 2 sampling depths taken during destructive sampling. C. Percent 
organic matter per depth taken during destructive sampling. Note that the values are 
plotted at the midpoint of the depth interval over which they were measured and are 
slightly offset from one another to facilitate visualization of error bars. 
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Figure 3.4: A. Depth of oxygenated sediment. B. Benthic microalgal chlorophyll a. letters 
represent differences in organism treatments, *indicates differences in sediments 
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A1: Results of post hoc tests for flux experiments.  Letters indicate means significantly 
different from one another. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NO3       
DAY 2 FH C FH L FH Ch J C J L J Ch 
Dark -52.93±37.57a -66.30±72.86a -293.90±89.14b -17.76±16.65a -61.78±36.22c -106.82±17.90b 
Light* -98.28±22.98c -81.39±22.83c 2.97±53.83d -81.57±37.10c -35.26±35.00c -111.76±5.42d 
DAY 30 FHC FH L 
 
J C JL 
 
Dark -82.19±28.61 -90.93±69.16 -122.62±14.93 -142.62±35.22 
Light -105.72±22.47 -67.11±27.56 -76.80±3.43 -14.74±24.79 
NH4       
DAY 2 FH C FH L FH Ch J C J L J Ch 
Dark 3.4±13.4 72.6±5.4 213.4±103.3 -13.4±14.6 50.5±25.1 173.2±55.9 
Light 46.69±9.85 113.32±35.97 248.93±152.64 56.38±17.84 116.11±26.36 231.6±17.4 
DAY 30 FHC FHL 
 
JC JL 
 
Dark 79.15±16.00 41.05±23.66 11.96±52.40 33.42±23.13 
Light 115.98±25.95 146.75±23.23 49.27±19.91 65.90±18.91 
O2       
DAY 2 FH C FH L FH Ch J C J L J Ch 
Dark -1.5±0.2 -2.1±0.1 -2.9±0.4 -1.4±0.1 -2.1±0.2 -2.8±0.2 
Light -1.6±0.2 -2.0±0.2 -2.7±0.3 -1.0±0.1 -2.2±0.1 -2.6±0.2 
DAY 30 FH C FH L 
 
J C J L 
 
Dark -1.7±0.1 -1.8±0.1 -1.4±0.1 -1.6±0.1 
Light -1.3±0.2 -1.9±0.2 -1.2±0.1 -1.3±0.1 
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A3. Raw counts of Mollusca identified to lowest taxonomic level 
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St Summer   7    14    
FH1 Summer   2        
FH2 Summer   16        
Lac Summer   1        
W Summer   46     7 4 1 
D Summer 3          
E Summer   3        
J Fall   1        
M Fall    1 4      
St Fall   2        
FH1 Fall   2        
FH2 Fall   18        
Lac Fall           
W Fall   19    10  2  
D Fall   4        
E Fall   1        
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A4. Raw counts of Diptera and Oligochaeta to lowest taxonomic level 
 
 
 
 
 
 
 
 
 
 
 
 
Site Season 
sy
m
p
et
ru
m
 
lib
el
lu
lid
a
e 
co
en
a
g
ri
o
n
id
a
e 
ch
ry
so
p
s 
O
lig
io
ch
a
et
es
 
J Spring     60 
M Spring      
St Spring     1 
FH1 Spring     39 
FH2 Spring      
Lac Spring     1 
W Spring   1   
D Spring     1 
E Spring     4 
J Summer      
M Summer      
St Summer      
FH1 Summer    1  
FH2 Summer      
Lac Summer      
W Summer     12 
D Summer     6 
E Summer      
J Fall      
M Fall      
St Fall      
FH1 Fall      
FH2 Fall      
Lac Fall      
W Fall      
D Fall 1 1 2   
E Fall      
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